whereas no further decrease was observed in WT mice over this same time period (Figs. 2D and  4B) . Conversely, the number of IFN-g + (virusspecific) CD4 + T cells remained elevated 100 days after LCMV-Arm ( fig. S7 ) and -Cl 13 infection in Il21r -/-mice (Fig. 4C) . Thus, despite the increased presence of virus-specific CD4 + T cells in Il21r -/-mice, CD8 + T cell responses are not sustained and the infection is not resolved.
IL-21 signaling also affects antibody production by B cells and antigen-presenting cell responses (19) , which in addition to CD8 + T cell deletion could contribute to the failure to resolve infection. Compared with that in WT mice, antigenpresenting cell maturation was not differentially affected in Il21r -/-mice after LCMV-Arm or -Cl 13 infection and by some measurements was increased in the absence of IL-21 signaling ( fig. S8) . Furthermore, the total number of B cells was similar in WT and Il21r -/-mice during chronic infection ( fig. S9 ). We observed a 1.9-fold decrease in LCMV-specific immunoglobulin G antibody titers in Il21r -/-mice, although substantial antibody titers were observed in both WT and Il21r -/-mice ( fig. S9 ). LCMV-neutralizing antibody titers were undetectable in both WT and Il21r -/-mice at day 30 after LCMV-Cl 13 infection. Together, these data suggest that antigen-presenting cells impairment or impaired humoral immunity are unlikely to underlie the reduced control of chronic infection in Il21r
-/-mice. The requirement for CD4 + T cell help to control chronic viral infection has long been established (5, 6); however, because CD4 + T cells rapidly lose the ability to produce traditional helper cytokines such as IL-2, the specific mechanisms and factors that comprise CD4 + T cell help have remained elusive. Our results suggest that CD4 + T cells do not necessarily "exhaust" or "lose" function during chronic viral infection. Instead, we propose that CD4 + T cell function is diverted toward the production of factors such as IL-21 that sustain effector activity to control infection. Multiple effector mechanisms probably contribute to the long-term development of CD8 + T cell responses. In combination with (or in the absence of) other yet unidentified helper factors, IL-21 maintains the CD8 + T cell effector activity required to control infection and thus provides a mechanism for CD4 + T cell help in response to chronic viral infection. Failure of CD4 + T cell help is associated with the inability to acutely clear HCV infection and with the progression to AIDS after HIV infection (8) (9) (10) (11) (12) A comparative analysis of lymphocytic choriomeningitis virus (LCMV)-specific CD4 + T cells revealed marked differences in the induction of IL-21 + CD4 + T cells after acute LCMV-Armstrong (Arm) and chronic LCMV-clone 13 (Cl 13) infections of C57BL/6 (B6) mice ( Fig. 1) (25) . By 8 days, both infections elicited polyclonal virusspecific IL-21 + CD4 + T cells; however, this response was 7.8 times lower in the LCMV-Cl 13-infected cohort ( Fig. 1B ; P < 0.001). Because CD4 + T cells are obligatory for the control of LCMV-Cl 13, these results suggest that the CD4 + T cell response to this infection, albeit weak, is capable of providing some help (2, 5, 6, 10). Given the altered cytokine responses by antiviral CD8 + T cells after LCMV-Cl 13 infection of IL21 −/− mice, we next tracked viral loads over time to determine whether the absence of IL-21 compromised the containment of the infection (Fig. 2C and fig. S5 ). As expected, Il21 +/+ hosts slowly controlled LCMV-Cl 13 infection (1, 2, 5, 9, 26). By contrast, viral titers in the serum, livers, and lungs of Il21 −/− mice remained high, a phenotype similar to that observed in mice lacking CD4 + T cells (Fig. 2C and fig. S5 ). Il21 +/− mice showed an intermediate pattern of clearance, with viral loads decreasing more slowly than in Il21 +/+ mice and the infection persisting at high levels or breaking through in three of the five Il21 +/− mice tested between days 136 and 148 after infection. These data suggest that IL-21 is critical for control of chronic viral infection.
Evaluation of antiviral CD8 + T cell responses at later stages after LCMV-Cl 13 infection revealed severe functional exhaustion in Il21 −/− mice ( Fig. 2D and S4B ). IL-2, IFN-g, and TNF-a production by Il21 −/− virus-specific CD8 + T cells were greatly reduced or absent (Fig. 2D and figs. S3D and S4B), but these T cells were CD43 high , PD-1 high (Fig. 2, E and F) , a hallmark of the exhaustion that develops in chronically infected hosts (6, 9) . Interestingly, the emergence of exhausted virus-specific CD8 +/+ counterparts in the same host (Fig. 3, C and D) . These data illustrate the direct requirement of IL-21 for supporting and maintaining antiviral CD8 + T cells during chronic viral infections.
We next evaluated whether the addition of IL-21 enhanced antiviral CD8 + T cells because the absence of IL-21-dependent signaling impaired these responses. We investigated whether administration of IL-21 could improve responses and viral control in Cd4 −/− mice because CD4 + T cells are a principal source of this cytokine. These "helpless" mice do not usually control + T cells at 8 days after LCMVArm or -Cl 13 infection. Graphs represent mean T SD; ***P < 0.001. Representative results are shown from two independent experiments (n = 8 to 9 for Il21 +/+ cohorts and n = 2 for Il21 −/− mice). 396 epitope-specific population, which usually rapidly succumbs to exhaustion (Fig. 4) . Importantly, IL-21 treatment resulted in lower viral titers (Fig. 4C) . The delicate balance between the quality and size of the antiviral immune response and the hosts' viral burden became apparent as 70% of the treated mice became moribund, reaching experimental endpoints requiring euthanasia. Illness and death after LCMV infection is classically associated with immunopathology (27) . Thus, although IL-21 administrationcanimproveantiviral CD8 + T cell responses and viral clearance and has been safely used in the context of tumor immunotherapy in mice and humans, care will need to be taken before applying this treatment strategy to chronic viral infections (21, 28, 29) .
Collectively, our findings provide insights into the determinants of the functional quality of CD8 + T cell responses and the role of IL-21 in ensuring the successful control of infection. The results implicate IL-21 as a critical helper factor that couples the requirement for CD4 + T cells, which produce this cytokine, to the elaboration and maintenance of polyfunctional CD8 + T cells capable of clearing virus-infected cells. We observed that induction of IL-21-producing CD4 + T cells is markedly reduced during the ini- + T cells was required for sustained cell proliferation and cytokine production during chronic infection. Il21r -/-mice showed normal CD8 + T cell expansion, effector function, memory homeostasis, and recall responses during acute and after resolved infection with several other nonpersistent viruses. These data suggest that IL-21R signaling is required for the maintenance of polyfunctional T cells during chronic viral infections and have implications for understanding the immune response to other persisting antigens, such as tumors. + T cells were observed 8 days after infection, indicating that the IL-21 receptor (IL-21R) was not required for priming and differentiation of virus-specific CD8 + T cells during the acute response (Fig. 1, A to C, and fig. S1 , A to G). As expected, control mice infected with low or intermediate doses mounted efficient long-term antiviral CD8 + T cell responses and controlled the infection (Fig. 1, A to F) , whereas infection with high-dose LCMV-Docile resulted in reduced frequencies of and interferon-g (IFN-g) production by virus-specific T cells (Fig. 1, A to  C) , in addition to viral persistence (Fig. 1F) . We detected exhausted Il21r -/-LCMV-specific CD8 + T cells in response to low and intermediate virus doses starting at day 15 after infection ( Fig. 1, A  to D) . After 5 weeks, we observed reduced frequencies and total numbers of gp 33-41 -specific Il21r -/-CD8 + T cells in the blood and spleen. Moreover, the remaining gp 33-41 -specific CD8 + T cells failed to produce IFN-g, tumor necrosis factor-a, and IL-2 and did not proliferate upon stimulation, all of which are characteristics of exhausted T cells (Fig. 1C and fig. S1, H and I) . Consequently, Il21r
-/-mice developed chronic viremia after exposure to low or intermediate doses of virus (Fig. 1E and fig. S1K ). Even at high-dose exposure, when both control and Il21r -/-mice developed a chronic infection, viral titers were increased in the latter (Fig. 1F) . The fre-
